Rnt1p is an RNase III homolog from budding yeast, required for processing snRNAs, snoRNAs, and rRNA. Numerous Rnt1p RNA substrates share potential to form a duplex structure with a terminal four-base loop with the sequence AGNN. Using a synthetic RNA modeled after the 25S rRNA 39 ETS cleavage site we find that the AGNN loop is an important determinant of substrate selectivity. When this loop sequence is altered, the rate of Rnt1p cleavage is reduced. The reduction in cleavage rate can be attributed to reduced binding of the mutant substrate as measured by a gel-shift assay. Deletion of the nonconserved N-terminal domain of Rnt1p does not affect cleavage site choice or the ability of the enzyme to distinguish substrates that contain the AGNN loop, indicating that this region is not required for selective cleavage. Strikingly, a recombinant fragment of Rnt1p containing little more than the dsRBD is able to discriminate between wild-type and mutant loop sequences in a binding assay. We propose that a major determinant of AGNN loop recognition by Rnt1p is present in its dsRBD.
INTRODUCTION
Every mature RNA is derived from a primary transcript by one or more RNA processing events+ The many RNA processing events including cleavage, splicing, and modification are carried out by a diverse set of cellular factors+ Some processing events are performed by relatively simple proteins such as nucleases, others by protein complexes like the exosome, others by small RNA-protein complexes like RNase P or snoRNPs, and still others by more complex RNPs like the spliceosome+ In many cases these factors show exquisite specificity, altering only one or a few defined chemical bonds in a limited set of RNAs within the cell+ In yeast, the biogenesis of an eclectic set of RNAs including rRNA, snRNAs, and snoRNAs is enhanced by a member of the RNase III protein family called Rnt1p+ Disruption of the RNT1 gene has a devastating effect on cell growth, causing extreme temperature sensitivity (Abou Elela et al+, 1996; Abou Elela & Ares, 1998; Chanfreau et al+, 1998b )+ Initial studies of Rnt1p established its involvement in processing both 18S rRNA and 25S rRNA (Abou Elela et al+, 1996) + Recent results (Kufel et al+, 1999) cast doubt on the interpretation that Rnt1p is directly required for 18S rRNA processing (Abou Elela et al+, 1996) and instead suggest that the requirement of Rnt1p for 18S rRNA maturation is mediated indirectly through its role in snoRNA metabolism+ For example Rnt1p is required for efficient accumulation of U14 (Chanfreau et al+, 1998b) and U3 (C+-H+ Ho, R+ Nagel, H+ Igel, & M+ Ares, Jr+, unpubl+) snoRNAs, which in turn are required for pre-18S rRNA cleavage events (Li et al+, 1990; Hughes & Ares, 1991 )+ In contrast, Rnt1p is directly required for maturation of yeast pre-25S rRNA through cleavage of a stem loop in the rRNA 39 external transcribed spacer (39 ETS) of the rRNA transcription unit (Abou Elela et al+, 1996; Allmang & Tollervey, 1998; Kufel et al+, 1999) +
The involvement of Rnt1p in rRNA and ribosome metabolism must extend beyond rRNA cleavage events+ Rnt1p is also required for the maturation of at least 20 snoRNAs from pre-snoRNA transcripts, some of which are polycistronic (Chanfreau et al+, 1998a (Chanfreau et al+, , 1998b Qu et al+, 1999 )+ The snoRNAs that depend on Rnt1p in turn guide nearly half of the known position-specific 29OCH3 and pseudouridylation modifications in rRNA (Samarsky & Fournier, 1999 )+ The many levels at which Rnt1p contributes to the processing and modification of rRNA may explain much of the pleiotropic effects of rnt1 mutations, and suggest that it may be difficult to dissect the specific contribution of the enzyme to any one step in the rRNA processing pathway+ Rnt1p cleaves synthetic duplex RNA lacking loops (Abou Elela et al+, 1996) , but many natural substrates are cleaved on both strands of an imperfect duplex region about 14-16 bp from a four-base loop sequence 59-AGNN-39 (Chanfreau et al+, 1997 (Chanfreau et al+, , 1998a (Chanfreau et al+, , 1998b Abou Elela & Ares, 1998; Allmang et al+, 1999; Kufel et al+, 1999; Qu et al+, 1999 )+ Beyond comparisons of substrate structures there is little direct information concerning what RNA structures define an Rnt1p substrate+ An Rnt1p site near the 39 end of U2 snRNA is cleaved in vitro, even when the lower portion of the stem-loop structure on the 39 side of the helix is deleted (Abou Elela & Ares, 1998)+ Cleavage can still take place on the truncated substrate at the correct position on the 59 side of the helix, but this cleavage is lost when the 39 side of the upper helix, but not the loop is removed (Abou Elela & Ares, 1998 )+ This suggests that the 14-16-bp imperfect duplex and the four-base loop, but not the lower helix, are important components of Rnt1p substrate recognition+ Recently the AGNN loop has been shown to contribute to substrate binding and positioning of the cleavage site (Chanfreau et al+, 2000) + Further experiments are necessary to determine how Rnt1p selects its substrates, however the presence of conserved sequences in bacterial RNase III or Schizosaccharomyces pombe pac1 substrates has not been observed (Rotondo et al+, 1997; Nicholson, 1999; Zhou et al+, 1999 )+ Comparison of Rnt1p protein structure with that of other RNAse III family members indicates that the yeast protein has a C-terminal double-stranded RNA binding domain (dsRBD) (St Johnston et al+, 1992; Abou Elela et al+, 1996; Rotondo & Frendewey, 1996) + Immediately N-terminal to the dsRBD is a single copy of the "nuclease domain" characterized by a conserved pattern of carboxylate residues that may position metal ions in this magnesium-dependent enzyme (Abou Elela et al+, 1996; Rotondo & Frendewey, 1996; Rotondo et al+, 1997 )+ Bacterial RNase III sequences do not extend much farther, but both S. pombe pac1 and Saccharomyces cerevisiae Rnt1p have long, nonconserved N-terminal domains of unknown function (Abou Elela et al+, 1996; Rotondo & Frendewey, 1996) + Recent experiments have suggested that this domain contributes to, but is not essential for dimerization (Lamontagne et al+, 2000) + In this study, we have begun to dissect Rnt1p to determine how yeast RNAse III (Rnt1p) recognizes and cleaves its substrates, and which parts of the protein are required for function in vivo and in vitro+ To answer these questions we have used different Rnt1 protein derivatives produced in bacteria and small substrate RNAs modeled after the 39 ETS stem-loop+ We establish that the presence of the 59-AGNN-39 loop enhances the rate of Rnt1p cleavage+ This enhanced cleavage rate is likely due to enhanced substrate binding, as shown by a gel-shift assay, and is consistent with data using a different substrate (Chanfreau et al+, 2000) + Deletion of the N-terminal domain does not alter the preference of the enzyme for cleavage of the AGNNloop-containing substrate, indicating that it is unlikely this region of the protein contributes elements necessary for identifying the loop+ However the isolated Rnt1p dsRBD preferentially binds AGNN-loop-containing substrate+ This indicates that the dsRBDs of the Rnt1p dimer contribute to substrate selection through recognition of the AGNN loop+ We propose that the Rnt1p dsRBD contains unique elements that confer sequence or structure-specific recognition of the AGNN RNA loop, in addition to elements necessary for binding dsRNA+
RESULTS

A small RNA derived from the rRNA 39 ETS is accurately cleaved in vitro
To understand how Rnt1p interacts with its substrates, we designed and tested a model RNA based on the natural rRNA 39 ETS processing site+ Initial studies indicated that Rnt1p cleaved the 39 ETS once at position ϩ20 relative to the mature end of the 39 end of 25S ribosomal RNA in a nearly 1-kb-long transcript containing a large segment of 25S rRNA (Abou Elela et al+, 1996)+ The difficulty in handling this large substrate motivated the development of a shorter model substrate that is a 65-nt sequence derived from the 39 ETS stem loop (WT) (Fig+ 1C)+ Primer extension of the WT substrate maps cleavage to positions ϩ15 and ϩ14 on the 59 side of the stem loop (Fig+ 1A)+ With a separate primer, cleavage on the 39 side of the loop maps to between positions ϩ50 and ϩ49, relative to the mature 39 end of 25S ribosomal RNA (Fig+ 1B), and not at ϩ20 as reported previously (Abou Elela et al+, 1996) + The difference between these results and those reported previously could be due to heterogeneity in substrate folding or problems related to the activity of the enzyme, and we do not currently understand the basis for this discrepancy+ None of the preparations of the enzyme we now routinely produce cleave the model substrate at position ϩ20+
The Rnt1p cleavage sites observed using the model 39 ETS substrate in vitro (Fig+ 1C) are similar to those mapped in vivo (Kufel et al+, 1999 )+ In vitro cleavage appears to occur predominantly after position ϩ15 rather than at ϩ14 on the 59 side of the stem-loop, and at ϩ50 more so than at ϩ49 as observed in vivo (Kufel et al+, 1999 ; see Fig+ 1C)+ One possible reason for this discrepancy could be that detection of the upstream of the two sites by primer extension can occur only on RNA that is only cut once, and such partially cut products may not be normal reaction intermediates+ It is also possible that the bacterially produced enzyme behaves slightly differently than the native enzyme+ Despite these differences, the model RNA should allow accurate in vitro assessment of the function of Rnt1p at the 39 ETS cleavage site+
The upper helix, but not the lower helix, is essential for Rnt1p cleavage at the upstream site Cleavage of the Rnt1p site in the U2 39 flank occurs in the absence of the 39 strand of the lower helix (Abou Elela & Ares, 1998)+ To determine whether this is also true for 39 ETS cleavage, we produced a set of 59-endlabeled WT RNA molecules that differ sequentially by a single nucleotide, using mild base treatment of WT RNA FIGURE 1. In vitro mapping of Rnt1p cleavage sites in the model 39 ETS RNA substrate+ A: Primer extension using primer 13ETS+ Lanes 1, 2, 3, and 4 are sequencing reactions in which ddA, ddC, ddG, and ddT have been added+ Also shown are RNA cleavage reactions with no added enzyme (lane 5), , and Rnt1p (lane 7)+ Sequence at the major primer extension termination is shown to the left of the panel and arrows indicate positions of termination products+ B: Same as for A except that primer 9ETS was used+ C: Positions of cleavage of the 65-nt 39 ETS model substrate+ Vertical arrows indicate the terminal 39 nucleotide of primers 9ETS and 13ETS+ Horizontal black arrows indicate in vitro cleavage sites observed for both RNT1⌬2-198 and the full-length Rnt1p enzyme+ The small arrows also represent the in vivo cleavage sites (Kufel et al+, 1999 To exclude the possibility that the loop mutation destroys the double-stranded character of the model substrate, we probed for differences between the structures of WT and GU RNA+ We treated the WT and GU substrate RNAs with limiting concentrations of T1 nuclease at 100 mM KCl (Fig+ 3B), conditions under which Rnt1p selectively cleaves the WT substrate (Fig+ 3A, lanes 7-12)+ As a reference, the same RNAs were treated with T1 under denaturing conditions to map G residues (Fig+ 3B, lanes 1 and 6)+ Under nondenaturing conditions, only G31 and G32 of the WT RNA are significantly cleaved (Fig+ 3B, lanes 2-5), whereas other G residues are well protected from T1+ Because G31 and G32 reside within the AGNN loop, and G residues between positions 18 and 40 are protected from T1, we FIGURE 3. Cleavage of model WT and GU mutant 39 ETS RNA+ A: Cleavage reaction time courses using wild-type (WT) and mutant (GU) 39 ETS substrate RNAs at various KCl concentrations+ Reactions were sampled at 0, 30 and 300 s+ Lanes 1-3: 50 mM KCl using WT RNA; lanes 4-6: 50 mM KCl and GU RNA; lanes 7-9: 100 mM KCl and WT RNA; lanes 10-12: 100 mM KCl and GU RNA; lanes 13-15: 200 mM KCl and WT RNA; lanes 16-18: 200 mM KCl and GU RNA+ S: input substrate; P1: 18 nt 59 cleavage product+ B: Nuclease T1 probing of WT and GU RNA+ Denaturing 20% acrylamide gel is shown+ WT or GU sequence generated with T1 under denaturing conditions is indicated to the left of lanes 1-5 or 6-10, respectively+ Lane 1: T1 digestion using denaturing conditions; lane 2: no added enzyme; lanes 3-5: time course of T1 digestion of WT RNA under native conditions at 60 s (lane 3); 300 s (lane 4); and 600 s (lane 5)+ Lanes 6-10 are identical except that GU mutant 39 ETS RNA was used+ C: Secondary structure models for WT RNA (59-AGGA-39 loop) and GU RNA (59-GUGA-39 loop)+ Positions cleaved by T1 nuclease are shown using open arrowheads+ Positions protected from T1 nuclease digestion are indicated by gray squares+ Sequence numbering is relative to the mature 39 end of 25S ribosomal RNA+ conclude that the WT 39 ETS substrate structure is close to that predicted (Abou Elela et al+, 1996; Fig+ 3C)+ Digestion of the GU mutant RNA shows that only G32 is accessible to T1 (Fig+ 3B, lanes 7-10), consistent with the formation of a G-A base pair within the tetraloop (Jucker & Pardi, 1995) that would lead to decreased accessibility of G30+ The other G residues in the GU substrate are protected from T1 to similar extents as in the WT substrate (Fig+ 3B, compare lanes 7-10 with lanes 2-5), consistent with the interpretation that the loop mutation causes little if any disruption of the duplex segments of the substrate+ Although subtle perturbations not detectable by T1 could affect cleavage of the GU mutant substrate, we conclude that both WT and GU 39 ETS RNA differ primarily in their loops+ Because they are present in many natural substrates (Chanfreau et al+, 1998a (Chanfreau et al+, , 2000 , and because Rnt1p cleavage rate is higher on substrates that contain them (Fig+ 3B), it seems likely that the AGNN loop is an important determinant of substrate selection+ Higher relative cleavage rates are due in part to higher Rnt1p affinity for AGNN-loop-containing substrates One reason for different cleavage rates of the two substrates might be that Rnt1p binds the GU substrate less tightly than the WT substrate+ We assayed the ability of Rnt1p to retard the migration of either the WT (AGNN loop) or GU (GNRA loop) substrates in a nativegel assay (Fig+ 4)+ We estimated the apparent dissociation constant (K d ) in the gel at 4 8C after incubation in the absence of Mg 2ϩ (to prevent cleavage of the substrate) and under ionic conditions (100 mM KCl) in which cleavage rate experiments (Fig+ 3B) indicate that the enzyme discriminates between the substrates+ We find that the enzyme has an apparent K d of 10-12 nM for the WT substrate but that the K d for the GU mutant substrate is greater than 36 nM+ This analysis suggests that Rnt1p has at least a fourfold greater affinity for the AGNN-loop-containing substrate than for the mutant, and that this difference could explain the increased cleavage rate on the WT substrate relative to the mutant (Fig+ 3B)+ Using a different substrate and a different binding assay, Chanfreau et al+ (2000) recently found a similar change in the relative K d upon mutation of the loop+ Thus the AGNN-loop-containing substrate may be cleaved at a higher rate (Fig+ 3B) simply because it is bound more tightly to the enzyme (Fig+ 4)+ The N-terminal domain of Rnt1p is not required for dimerization, cleavage, cleavage site selection, or discrimination of the AGNN loop Because bacterial RNase III is a dimer (see Nicholson, 1999) , it is important to know for certain whether the yeast protein is dimeric or might have another quaternary structure, possibly owing to the extended N-terminal domain (Abou Elela et al+, 1996; Rotondo & Frendewey, 1996 ; see Fig+ 5A)+ To address this, the sedimentation behavior of bacterially expressed Rnt1p in sucrose gradients was compared with that of marker protein complexes with known molecular mass+ A Coomassie-stained gel of such a gradient is shown in Figure 5B+ Migration of bovine serum albumin (BSA, 68-kDa monomer, peaking in fraction 4), aldolase (158-kDa tetramer, peaking in fraction 6), and catalase (232-kDa tetramer, peaking in fraction 10) are indicated+ Rnt1p peaks in fraction 5 between the BSA and aldolase markers+ Because the Rnt1p polypeptide chain is calculated to be 55 kDa in mass, the migration of the native protein is most consistent with a homodimer of 110 kDa+ Evidence from gel exclusion columns that Rnt1p is a dimer include a description of tetramers and other higher-order complexes (Lamontagne et al+, 2000) ; however under our conditions the full length protein behaves uniformly (Fig+ 5B)+ To begin determining what features of Rnt1p allow it to cleave selectively substrates containing the AGNN loop, we evaluated the importance of the nonconserved N-terminal domain (Figs+ 5C and 6)+ The extended N-terminal domains of S. cerevisiae Rnt1p and S. pombe pac1 are not highly related to each other or to metazoan members of the RNase III protein family, nor are they found in bacterial RNase III (Abou Elela et al+, 1996; Rotondo & Frendewey, 1996 ; see Fig+ 5A)+ To assess the function of this domain we prepared an N-terminally deleted version of and compared its behavior to that of full-length Rnt1p+ A previous study concluded that the N-terminal domain contributes to, but is not required for dimerization, and suggested that a detectable fraction of an Rnt1p derivative lacking the N-terminal domain was monomeric (Lamontagne et al+, 2000) + Because the oligomeric state of the enzyme could be important to the means by which it recognizes its substrate, we examined the sedimentation behavior of a similar Rnt1p derivative lacking the N-terminal domain (RNT1⌬2-198) under conditions in which full-length Rnt1p can discriminate AGNN-loop-containing substrates (Fig+ 5C)+ To discourage aggregation and precipitation, which we have found to be problematic with N-terminally deleted derivatives of Rnt1p, we used western blots and an antibody against Rnt1p to detect small amounts of soluble in the gradient fractions (Fig+ 5C)+ Under these condi-FIGURE 5. The N-terminal domain of Rnt1p is not required for dimerization, cleavage, or cleavage site selection+ A: Alignment of RNAse III family members from E. coli (rnc), S. pombe (pac1), and S. cerevisiae (RNT1) showing similarity of domain structures consistent with a double-stranded RNA-binding domain (dsRBD, black box), nuclease domain (gray box), and a nonconserved N-terminal domain+ Recombinant versions of Rnt1p used in this study in addition to the full-length version are , and RNT1⌬2-329 (containing little more than the dsRBD)+ B: Coomassie staining of an SDS polyacrylamide gel of fractions from a sucrose-density gradient+ Molecular weight standards are shown in the left lane in kilodaltons+ I: input sample of RNT1⌬2-198 protein+ Lanes 1-13 each contain a 25-mL sample from each of 13 gradient fractions, numbered from top of the gradient to the bottom+ Fractions containing peak concentrations of marker proteins and the position of Rnt1p are indicated with black squares+ C: Western analysis of sucrose gradient containing RNT1⌬2-198 protein+ Lanes 1-15 each contain 25 mL from each of 15 fractions that were resolved on an SDS PAGE gel, transferred to nitrocellulose, and probed using rabbit serum containing Rnt1p antibodies (see Materials and methods)+ Fractions containing peak concentrations of marker proteins are indicated with black squares+ Fractions containing peak concentration of RNT1⌬2-198 protein are indicated with a square bracket+ tions, RNT1⌬2-198 migrates primarily as a dimer, with very little if any protein migrating as a monomer+ The trailing of RNT1⌬2-198 into the heavier fractions of the gradient is consistent with a tendency of the truncated protein to form multimers or to aggregate, and is not seen with the full-length protein at higher protein concentrations (Fig+ 5B)+ Because RNT1⌬2-198 migrates predominantly as a dimer on sucrose gradients, we conclude that the N-terminal domain is not required for dimerization under conditions in which the AGNN loop substrates are selectively bound and cleaved by the wild-type protein+ To determine whether the N-terminal domain is necessary for RNA-cleavage-site selection, we assayed the sucrose gradient fractions in Figure 5C using a 39 ETS substrate (data not shown)+ Cleavage activity peaks in the same fractions as those containing indicating that the dimeric and higher-order forms of the protein are active+ Cleavage sites used are identical to those observed for the fulllength Rnt1p (Fig+ 1A)+ Therefore, like full-length Rnt1p, RNT1⌬2-198 accurately cleaves the 39 ETS in vitro+ Because of the solubility problems noted above, it is difficult to measure with any confidence the cleavage efficiency of RNT1⌬2-198 as compared to full-length Rnt1p under different salt and temperature conditions+ However, because it displays the same cleavage site specificity as the full-length enzyme, we were able to ask whether the N-terminally deleted RNT1⌬2-198 protein can discriminate AGNN-loop-containing substrates+ To do this we evaluated the rate of cleavage of WT (AGNN loop) and GU (GNRA loop) RNAs under reaction conditions (100 mM KCl) that allow full-length Rnt1p to discriminate between them+ The WT substrate is cleaved at a greater rate (Fig+ 6, lanes 1-4) than the GU substrate (Fig+ 6, lanes 5-8)+ We conclude that the N-terminal domain of Rnt1p is dispensable for discrimination of AGNN-loop-containing substrates+ This conclusion suggests that the special elements of Rnt1p that allow preferential cleavage of AGNN-loop-containing substrates lie elsewhere in the protein+
A fragment of Rnt1p containing the dsRBD selectively binds the AGNN-loop-containing substrate
One possible mechanism by which full-length Rnt1p might bind selectively to AGNN-loop-containing substrates would be through its dsRBD+ In this view, the Rnt1p dsRBD would have both a general affinity for dsRNA and additional affinity for dsRNA adjacent to an AGNN loop+ A recent NMR study of the staufen dsRBD indicates one way in which a dsRBD may interact with an RNA loop (Ramos et al+, 2000) + To test whether the Rnt1p dsRBD preferentially binds dsRNA with an AGNN loop, we prepared a recombinant fragment spanning the dsRBD (RNT1⌬2-329, Fig+ 7A), and evaluated binding to WT and GU RNA using a mobility shift assay (Fig+ 7B,C)+ The results show that RNT1⌬2-329 preferentially binds the WT substrate as compared to the GU mutant substrate+ RNT1⌬2-329 binds the WT substrate with an apparent K d of approximately 750 nM (Fig+ 7B, lanes 1-7)+ In comparison, RNT1⌬2-329 binds poorly to the mutant GU loop substrate with an apparent K d slightly less than 5 mM (Fig+ 7B, lanes 8-14; 7C)+ Although the absolute affinity of the isolated dsRBD for the substrate RNA is down about two orders of magnitude compared to that observed with the complete protein (Fig+ 4), the relative affinity of the proteins for the two substrates is similar+ Affinity of the isolated dsRBD for the mutant substrate is not absent, and is about fourfold less than for the substrate with the AGNN loop+ The lower absolute affinity is expected, as presumably the complete protein contains other elements that may enhance substrate binding+ On the other hand, the similar relative affinities may be hinting that the dsRBD contains all the Rnt1p elements involved in loop discrimination+ We conclude that RNT1⌬2-329 carries important determinants of Rnt1p substrate binding that permit identification of AGNN loops+
Both the N-terminal domain and the dsRBD are necessary for function in vivo
Studies presented above show that the N-terminal domain is unnecessary for cleavage site selection or AGNN loop discrimination, and suggest that the Rnt1p dsRBDs are important for substrate selection through are defective in 39 ETS processing, consistent with the absence of RNT1 function+ We conclude that, although it is not essential for enzyme activity, the N-terminal domain of the Rnt1p is important for function in vivo+ The observation that a similar construct seems functional when over-expressed as a twohybrid fusion protein (Lamontagne et al+, 2000) suggests this is simply due to the need for a nuclear localization signal+ An allele of RNT1 lacking a segment coding for the dsRBD (RNT1⌬395-427) cannot complement the rnt1::HIS3 growth defect (Fig+ 8B), and does not prevent the accumulation of extended forms of the 39 ETS
rRNA (Fig+ 8C, lane 5)+ This shows that the dsRBD of Rnt1p is important for its activity in vivo+
To identify functional regions of Rnt1p that might not be apparent from phylogenetic comparisons, we looked for temperature-sensitive alleles of RNT1+ Two alleles, rnt1-47 and rnt1-53, were found in a screen for temperature sensitivity after mutagenesis of plasmid sequences by PCR+ The rnt1-47 allele contains a singlepoint mutation changing isoleucine 338 to threonine in the region between the nuclease domain and the conserved sequences of the dsRBD+ The rnt1-53 allele contains mutations that lead to three amino acid substitutions, one in the N-terminal domain, and two in the nuclease domain, one of which is in the highly conserved RNAse III signature sequence (Rotondo et al+, 1995) + As expected by their behavior in the original screen, these alleles complement the rnt1::HIS3 disruption at permissive temperature, but not at restrictive temperature (Fig+ 8B)+ Analysis of RNA from rnt1-47 reveals a slight accumulation of 39 ETS RNA at 26 8C, indicating that rnt1-47 is mildly compromised at permissive temperature+ A shift to nonpermissive temperature results in much greater accumulation of the more The findings described above have implications for the action of other proteins that contain dsRBDs+ Numerous bacterial RNase III proteins have been studied, and, although substrate recognition elements differ (for example, see Conrad et al+, 1998; Nicholson, 1999) , neither these nor any of the S. pombe pac1 substrate RNAs have an obvious feature resembling the AGNN loop of Rnt1p substrates+ Study of Escherichia coli RNase III has revealed evidence for selection by antideterminants (Zhang & Nicholson, 1997) , whereby the presence of certain sequences restricts binding and cleavage, and their absence identifies the substrate+ A similar effect of loop size and position has been hypothesized to restrict sites of modification by ADARs, enzymes that promiscuously modify adenosines to inosines in perfect duplex RNA, but display high selectivity on natural substrates and model substrates with engineered loops (Lehmann & Bass, 1999 )+ Given the positive effect that the AGNN loop has on binding of the isolated dsRBD of Rnt1p (Fig+ 7), there may be several ways in which dsRBDs promote sitespecific binding to natural imperfect duplexes such as RNase III, ADAR, or other substrates+ One way would be negative, whereby compatible segments of duplex are identified by their length or the absence of interfering elements, as suggested for E. coli RNase III (Zhang & Nicholson, 1997 ) and ADAR1 (Lehmann & Bass, 1999 )+ The other is positive, whereby specific sequence or structural elements in terminal (or internal) loops interact positively with the dsRBD, as appears to be the case for Rnt1p and the AGNN loop (Figs+ 3, 4, 6 , and 7)+ The imperfect base pairing in the upper helix of the 39 ETS substrate contributes negatively to binding, as replacing the G-U and G-A base pairs with G-C improves binding (V+ Juan, D+ Sussman, R+ Nagel, M+ Ares, Jr, and C+ Wilson, unpubl+)+ Thus the natural substrates are likely composed of both negative elements and positive elements as may befit the need for efficient binding and rapid turnover of the enzyme+ It remains to be seen whether internal AGNN loops can enhance Rnt1p dsRBD binding+
As the Rnt1p dsRBD can recognize AGNN loops (Fig+ 7), which elements of the dsRBD carry the determinants of AGNN loop recognition? A recent NMR structure of a staufen dsRBD complexed with a dsRNA containing a four-base loop reveals interactions with the first alpha helix (a1) of the dsRBD (Ramos et al+, 2000) + The amino acids in this region vary in different dsRBDs and could carry determinants of RNA sequence-specific binding (Ramos et al+, 2000) + In this view, residues of a1 of at least one of the Rnt1p dsRBDs would be positioned near the AGNN loop+ The Rnt1p dsRBD is unusual in that it does not have the conserved GxxH motif found in loop 2 of the staufen, XlbpA, and E. coli RNase III dsRBDs+ Loop 2 residues interact with the minor groove in the two solved dsRBD-dsRNA complexes, but the precise interactions are different in the different complexes (Ryter & Schultz, 1998; Ramos et al+, 2000) + Residues corresponding to loop 2 of the Rnt1p dsRBD do not align well with classical dsRBDs and thus are candidates for determinants of AGNN loop binding+ In this view, the dsRBD would be oriented in the opposite direction relative to the loop from that found in the staufen complex (Ramos et al+, 2000) , with loop 2 of the dsRBD interacting with the AGNN loop+ Additional experiments will be necessary to determine precisely which elements of the Rnt1p dsRBD account for AGNN loop selectivity+ A model for Rnt1p substrate recognition: Interaction between at least one dsRBD and the AGNN loop is important for both substrate selectivity and cleavage site selection Based on several observations, we propose the following model for Rnt1p substrate selectivity and cleavage site selection+ Rnt1p can cleave dsRNA not containing AGNN loops by virtue of its association with dsRNA regions through interactions mediated by the dsRBDs (Abou Elela et al+, 1996) + This means that although many known natural substrates carry the AGNN loop (Chanfreau et al+, 1998a (Chanfreau et al+, , 2000 , there may be natural substrates that do not carry the loop+ Substrate selectivity occurs because segments of dsRNA that end with an AGNN loop are preferentially bound by Rnt1p through additional interactions between the loop and at least one of the two dsRBDs in the dimeric protein+ In the simplest model, one dsRBD is associated with the AGNN loop-adjacent dsRNA segment (the upper helix) through both its general dsRNA-binding activity and additional contacts with the loop, whereas the other dsRBD is associated with the lower helix through its general dsRNA-binding activity+ If this is true, the interaction with the lower helix is likely to be dispensable, as the lower helix is not essential (Abou Elela & Ares, 1998; Fig+ 2), and does not seem to be a consistent feature of all natural Rnt1p substrates+ Adding or subtracting base pairs in the duplex region between the loop and the cleavage sites causes the cleavage sites to move relative to the local sequence, such that they are positioned a fixed distance from the loop (Chanfreau et al+, 2000) + The finding that AGNN loop recognition is in part mediated by the dsRBD (Fig+ 7) suggests that the dsRBD helps position the cleavage site by measuring the distance from the loop+ In one of the solved structures, the dsRBD spans the equivalent of approximately 16 bp of duplex RNA (Ryter & Schultz, 1998 )+ In the other structure, the dsRBD binds partly to the minor groove face of a four-base loop and partly to a 12-bp segment of perfect duplex (Ramos et al+, 2000) + Interestingly, the distance between the AGNN loop and the cleavage sites in many Rnt1p substrates is 14-16 bp (Chanfreau et al+, 1997 (Chanfreau et al+, , 1998a (Chanfreau et al+, , 1998b Abou Elela & Ares, 1998; Allmang et al+, 1999; Kufel et al+, 1999; Qu et al+, 1999; Seipelt et al+, 1999 )+ Whether the Rnt1p dsRBD binds to the loop itself, as in the staufen structure, or to the nearby dsRNA, access of the RNA by the nuclease domain could be restricted by the position of the dsRBD relative to the RNA loop+ It is not necessary to invoke any special measuring function to the dsRBD for this model+ Rather, structural constraints that normally position the nuclease active sites relative to the dsRBDs in the Rnt1p dimer could fix the active sites relative to the loop+ Thus the dsRBD likely has two important roles: increasing affinity and selectivity of the enzyme for the AGNN-loop-containing substrate during the initial binding events, and identifying the cleavage sites by measuring the distance between the loop and the nuclease active sites+ This predicts that substrates that do not contain the AGNN loop may be cleaved more readily at multiple sites within a duplex region, provided that other features of the duplex do not additionally restrict binding as discussed above+
Coordinate cleavage of an asymmetric substrate by a homodimeric enzyme
In many experiments, including those shown in Figures 1, 3 , and 6, we and others (Abou Elela et al+, 1996; Chanfreau et al+, 1997 Chanfreau et al+, , 1998a Chanfreau et al+, , 1998b Abou Elela & Ares, 1998; Allmang et al+, 1999; Seipelt et al+, 1999) have observed that bacterially produced Rnt1p cleaves most substrate RNAs in a coordinate fashion+ Coordinate cleavage is loosely defined as the situation that leads to the following observations+ The products of complete Rnt1p digestion suffer two cuts relative to the initial substrate+ During the reaction time course, oncecut substrate molecules appear with similar kinetics as products, and do not accumulate prior to formation of complete products, nor disappear as the reaction progresses, as would be expected if once-cut molecules were intermediates in the reaction pathway+ Such oncecut molecules are not abundant and do not behave as kinetic intermediates in the in vitro reactions with many different Rnt1p substrates+ Either the enzyme binds once-cut substrates far more avidly than uncut substrate or the two cleavage events occur after a single binding event, with the enzyme only rarely dissociating from the RNA after cutting only once+ Because we find that molecules 39 truncated at or near the natural downstream cleavage site are poor substrates (Fig+ 2), we favor the second possibility+ Since the protein is a dimer (Fig+ 5), it contains two dsRBDs+ As there is only one AGNN loop in the substrate, the enzyme-substrate complex must be asymmetrical+ We suggest that one dsRBD is associated with the loop and the upper helix, and the other with the lower helix, as the lower helix contributes to cleavage efficiency even though it is not essential (Abou Elela & Ares, 1998; Fig+ 2) + This hypothesis can be tested if heterodimeric Rnt1p derivatives can be constructed that carry mutations in the dsRBD or nuclease domains that render the enzyme complex partly active+ Surprisingly, cleavage in vivo seems not to be coordinate, as Rnt1p-processed RNA products that accumulate in a rat1-1 strain are evenly distributed between those cut at the upstream site and those cut at the downstream site (Allmang et al+, 1999; Kufel et al+, 1999 )+ Furthermore, processing in cell extracts, even those from stains lacking Rnt1p and to which recombinant Rnt1p has been added back, show far less coordinate cleavage than reactions with the purified protein (Chanfreau et al+, 1997; Seipelt et al+, 1999 )+ This suggests that some as yet unidentified factor may dissociate Rnt1p from its RNA substrate after only a single cleavage event has occurred+ Such a factor could aid in ensuring that Rnt1p-processed RNA molecules, all of which require further processing by other enzymes, are efficiently hastened along their processing pathways+
MATERIALS AND METHODS
Deoxyoligonucleotides
Oligonucleotides were synthesized by Cruachem, and were gel purified before use+ Oligonucleotides used for primer extension, PCR, and mutagenesis were: 
Protein expression and purification
Protein expression constructs for E. coli were cloned using the T7 RNA polymerase expression vectors pET24b and pET21d and the E. coli host expression strain BL21(DE3)+ A series of C-terminally 6HIS-tagged versions of Rnt1p were constructed+ A Vent polymerase PCR fragment generated by primers (1) and (2) using pRS315-RNT1 as template was cut with NdeI and Not I and subcloned into pET24b digested with NdeI and Not I+ The resulting plasmid pL-RNTx6HIS encodes full-length Rnt1p fused to six histidines+ A Vent polymerase PCR fragment generated using primers (2) and (3) was cut using NdeI and Not I and subcloned into pET24b cut with NdeI and Not I+ The resulting clone p⌬2-198 encodes a protein that lacks residues 2-198 of Rnt1p and contains a C-terminal 6HIS tag+ A Vent polymerase PCR fragment generated using primers (4) and (2) was cut with NcoI and Not I and cloned into pET21d that had been linearized using NcoI and Not I+ This plasmid, p⌬2-329, encodes a protein that lacks residues 2-329 of Rnt1p and contains C-terminal 6HIS tag+ This construct represents the isolated Rnt1p dsRBD+ All derivatives have the amino acid sequence AAALGHHHHHH appended to the C-terminal serine S471 of the native Rnt1p sequence+ All derivatives of Rnt1p were expressed in BL21(DE3) (Studier et al+, 1990 ) and purified to greater that 90% homogeneity by affinity chromatography with nickel (II) nitriloacetic acid agarose+ Protein preparations were dialyzed into RNT1 Storage Buffer (30 mM Tris-HCl, pH 7+9, 100 mM KCl, and 50% glycerol, 0+1 mM EDTA, 0+1 mM DTT), stored at Ϫ20 8C+ Proteins were diluted in RNT1 dilution buffer containing 30 mM Tris-HCl, 0+1 mM EDTA, 0+1 mM DTT, and 50% glycerol+
Primer extension
Primer-extension reactions were conducted as described previously (Nagel et al+, 1998) with the following modifications+ Unlabeled WT RNA (0+1 pmol) was cleaved in a Rnt1p cleavage reaction (described above)+ Rnt1p cleavage fragments were purified by phenol/chloroform extraction+ Cleavage fragments were resuspended in 5 mL of water and 2+5 mL extended with either 0+1 pmol of 32 P-59-end-labeled primer 9ETS or 13ETS+ Primers were annealed by heating to 90 8C for 1 min then cooled to 30 8 for 30 min+ Extension reactions were incubated at 30 8C for 60 min, phenol/chloroform extracted and ethanol precipitated+ 39 ETS RNA substrate (0+25 pmol) was used in sequencing reactions that contained dd-NTP terminator concentration of 200 uM in each reaction+
Rnt1p enzyme assays
Model 39 ETS RNA transcripts were prepared using T7 RNA polymerase using oligonucleotides as templates as described previously (Milligan & Uhlenbeck, 1989 )+ T7 transcripts were treated with calf intestinal phosphatase (CIP; Boehringer Mannheim) to remove 59 triphosphate, and were 59-endlabeled with T4 polynucleotide kinase (New England Biolabs) using [g-32 P]-ATP+ End-labeled transcripts were purified by gel electrophoresis, cut from the gel, and eluted overnight in RNA Elution Buffer (0+5 M ammonium acetate, 0+1 mM EDTA, and 0+1% SDS)+ RNA was phenol/chloroform extracted, ethanol precipitated, and resuspended in TE buffer at a concentration of 1 mM+ Rnt1p was incubated with substrate RNAs in 10 mL of 30 mM Tris-HCl, pH 8+0, 100 fmol of labeled RNA substrate, KCl as required, and 2+0 fmol of Rnt1p prepared by 1:5000 dilution of 1 mg/mL Rnt1p in RNT1 dilution buffer (30 mM Tris-HCL, pH 8+0, and 50% glycerol)+ Reactions were conducted at 30 8C, initiated by addition of MgCl 2 , and stopped by the addition of EDTA and formamide dye mix for gel electrophoresis+ Cleavage reactions using RNT1⌬2-198 were identical except 6+4 fmol of RNT1⌬2-198 was used and prepared by 1:10 dilution of a 0+05-mg/mL stock of RNT1⌬2-198 protein in RNT1 dilution buffer+ Product amounts were determined by quantitation using a Molecular Dynamics PhosphorImager+
Structure probing
Gel-purified substrate RNA was heated to 95 8C for 1 min and snap cooled on ice+ T1 nuclease digestions were essentially as described (Bevilacqua et al+, 1998) with the following modifications+ G track sequencing reactions were prepared by T1 nuclease digestion under denaturing conditions+ Briefly 2 mL (0+2 pmol) of 59-end-labeled RNA was added to 3 mL of 9 M urea and heated to 90 8C with the cap off the tube for 2 min, reducing the volume to 3 mL+ Then, 2 mL of 0+05 U/mL T1 nuclease was added and the mixture was incubated at 30 8C for 20 min+ The reaction was quenched by the addition of 2 mL of 1 mg/mL tRNA, and 20 mL of TE buffer, phenol/ chloroform extracted, and ethanol precipitated+ Reactions were dissolved in formamide dye and loaded onto 20% denaturing polyacrylamide gels+ Hydroxide ladders were prepared by addition of 1 mL of 0+01 M NaOH and 1 mL of tRNA in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8+0) to 1 mL (0+1 pmol) of labeled substrate RNA in TE+ Reactions were heated to 65 8C for 10 min, neutralized by the addition of 3 mL of 3 M sodium acetate and 1 mL of 1 mg/mL of E. coli tRNA, ethanol precipitated and resuspended in 4 mL of TE+ Native structure T1 mapping reactions contained 2 mL of substrate RNA (0+2 pmol), 1 mL of 1 mg/mL E. coli tRNA, and 1 mL of 0+01 U/mL T1 nuclease in TE+ The reaction was incubated at 30 8C, and 1-mL aliquots of the reactions were removed at 1, 5, and 10 min and mixed with 1 mL formamide dye mix before loading onto 20% denaturing acrylamide gels+
Binding assays
Binding for full-length Rnt1p and derivatives was determined by native-gel mobility-shift assays+ Binding reactions were done in a final volume of 10 mL containing 30 mM Tris-HCl, pH 8+0, 100 mM KCl, 0+25 mM EDTA, 1 mL of trace amounts of WT or GU RNA and 1 mL of Rnt1p+ Reactions were initiated by the addition of 1 mL of an appropriate dilution of Rnt1p in RNT1 dilution buffer (30 mM Tris-HCl, pH 8+0, and 50% glycerol) and incubated at 25 8C for 5 min+ Binding reactions were then placed on ice and 1 mL of a 50% glycerol containing 0+05% xylene cyanol loading dye was added+ Binding studies using the full-length Rnt1p were resolved using 3+5% acrylamide (30:1 acrylamide/bis)/0+5% agarose gels containing 5% glycerol and 0+5ϫ TBE prepared using the following protocol+ Thirty-five milliliters of 7% acrylamide were made by adding 8+16 mL of 30% acrylamide, 7 mL of 50% glycerol, and 19+84 mL of water and heating briefly in a microwave oven for 15 s+ Thirty-five milliliters of 1% agarose in 1 ϫ TBE at 55 8C were added to the warmed acrylamide mixture+ One hundred microliters of 20% ammonium persulfate and 100 mL of TEMED were added and the gel mixture was poured without delay and allowed to set at room temperature for 30 min before placing at 4 8 C for 60 min+ Gels were pre-run at 4 8C for 30 min at 85 V before samples were loaded+ Samples were run at 85 V for 120 min+ Binding of the RNT1⌬2-329 dsRBD was tested using identical binding reactions as described above except that bound RNA complexes were resolved from free RNA using 4+5% (80:1 acrylamide/bis) native gels in a 0+5 ϫ TBE buffer system+ All gels were dried and exposed to Molecular Dynamics PhosphorImager screen for autoradiography and quantification+
Sucrose gradient centrifugation
Bacterially expressed Rnt1p and RNT1⌬2-198 proteins were analyzed on 5-20% sucrose gradients as follows+ Gradients were constructed in 4 mL tubes using 2 mL of 5% sucrose, 30 mM Tris-HCl, pH 7+9, 100 mM KCl, and 2 mL of 20% sucrose, 30 mM Tris-HCl, 100 mM KCl, and stored at 4 8C+ A 10-mL sample of enzyme at a concentration of 1 mg/mL in 30 mM Tris-HCl, 100 mM KCl was mixed with a 10-mL sample of marker protein mix+ Marker protein mix contained 1+0 mg/mL BSA (68 kDa), 1+0 mg/mL rabbit aldolase (158 kDa), and 1+0 mg/mL catalase (262 kDa)+ Marker proteins were from Pharmacia+ The mixture was applied to gradients and centrifuged in an SW60Ti rotor (Beckman) at 38,000 rpm for 16 h at 4 8C+ Fractions were collected from the bottom of the gradient and were numbered in reverse order of their collection+
Preparation of polyclonal Rnt1p antibodies
Recombinant Rnt1p was prepared as described previously and subjected to preparative electrophoresis through 12% SDS PAGE gels+ The Rnt1p band was identified by staining with 0+5% Coomassie blue in water for 5 min followed by brief destaining+ Rnt1 protein was electroeluted from gel slices in 0+1% SDS, 37+5 mM Tris-HCl, pH 8+8, and dialyzed to 0+9% saline, then used as antigen for subcutaneous immunization of a New Zealand White rabbit+ Initial immunization was prepared by mixing 200-400 mg of Rnt1p with an equal volume of Freund's Complete Adjuvant+ Boost immunizations were at 3-4 weekly intervals using protein purified as described and prepared for immunization with an equal volume of Freund's Incomplete Adjuvant+ Crude sera containing Rnt1p antibodies was diluted 1:10,000 and used as primary polyclonal Rnt1p antibodies in western immunoblot assays according to standard protocols+
Yeast RNT1 mutations
The RNT1 gene as a BamHI-XhoI fragment in the LEU2 plasmid pRS315 (pRS315-RNT1) was modified by oligonucleotide mutagenesis to place an NdeI site at the start codon, creating pRS315-RNT1-NdeI+ The RNT1⌬2-198 allele was constructed by subcloning the NdeI-Bcl I fragment from p⌬2-198 into pRS315-RNT1-Nde digested with NdeI and Bcl I, pRS315-RNT1⌬395-427 was produced by Pst I restriction digest and religation of pRS315-RNT1-Nde+
To create temperature-sensitive mutations, a fragment spanning the open reading frame of RNT1 was amplified by mutagenic PCR (Cadwell & Joyce, 1992 )+ The PCR product was cotransformed into the rnt1::HIS3 knockout strain 44-0 carrying pRS316-RNT1, along with a gapped linear fragment of pRS315-RNT1 produced by Avr II cleavage+ Strain 44-0 was constructed by replacing the wild-type allele with the rnt1::HIS3 allele created by replacing the Avr II fragment spanning most of the RNT1 coding sequences with the 1+8-kb HIS3 BamHI fragment (Abou Elela & Ares, 1998)+ After selection on plates lacking leucine, transformants were replica plated onto 5-FOA to select for cells that had lost the URA3 plasmid+ Colonies that grew on 5-FOA at 26 8C were replica plated to 30 8C and 37 8C to screen for temperature sensitivity+ Plasmid DNA was recovered from strains that showed a temperature-sensitive phenotype, retested, and sequenced to identify mutations+ Allele rnt1-47 contains a single substitution I338T+ Allele rnt1-53 contained the following substitutions: N20D, N237S, and F298S+
RNT1 function in vivo
RNT1 plasmids were transformed into the rnt1::HIS3 knockout strain, streaked on SCD-leu, and incubated at 26 8C and at 37 8C+ For RNA analysis, strains were grown in SCDleucine liquid media at 26 8C to an OD of 1+0 and total RNA was extracted as described previously (Ares & Igel, 1990 )+ Temperature-sensitive strain rnt1-47 was grown to an OD of 0+6, then shifted to nonpermissive temperature for 24 h before RNA extraction+ The extent of formation of 25S RNA 39 ends was assayed by ribonuclease protection as previously described (Abou Elela et al+, 1996), with modification+ Briefly, 100,000 cpm of an antisense transcript containing 175 nt of 25S ribosomal RNA and 284 nt downstream of the mature 25S 39 end were hybridized for 12 h at 42 8C with 10 mg of total RNA in 80% formamide buffer+ RNA hybrids were digested for 30 min at 30 8C with 0+067 Kuniz units/mL of RNase A in 400 mM NaCl+ Protected RNA was extracted with phenol/ chloroform, ethanol precipitated, and analyzed on 6% polyacrylamide gels+
